Materials and Methods

RNA preparation for crystallography
The corresponding DNA sequence of the hatchet ribozyme followed by the sequence of the hammerhead ribozyme was cloned into a pUT7 vector under the control of a T7 promoter (1) . Then the plasmid was amplified in DH5α cells in large scale using the ZQZY-CF incubator shaker (Shanghai Zhichu Instrument).
After linearization with the Hind III restriction endonuclease, the DNA can be used as templates for the transcription of hatchet ribozyme.
All the hatchet ribozyme RNA samples for crystallization were prepared by in vitro transcription with bacteriophage T7 RNA polymerase. To facilitate crystallization, the loop of stem P4 of wild-type hatchet ribozyme was replaced by either GAAA or UUCG tetraloops. The transcribed RNA was further purified by denaturing urea polyacrylamide gel electrophoresis (PAGE) followed by anionexchange chromatography and ethanol precipitation.
Purified hatchet ribozyme RNA samples were annealed at 65 ℃ for 5 min in buffer containing 50 mM HEPES, pH 6.8, 50 mM NaCl, 5 mM MgCl 2 , followed by cooling on ice for 30 to 60 min before setting up crystallization trials.
Crystallization
Crystallization of hatchet ribozyme RNA samples were performed by the sittingdrop vapor diffusion approach at 16 ℃ after mixing samples at a 1:1 ratio with reservoir solution. The crystal of HT-GAAA construct appeared from the crystallization high salt condition of 0.10 M HEPES, pH 6.8, 2.0 M (NH 4 ) 2 SO 4 over a period of four weeks. The crystal of HT-UUCG construct appeared from the high salt crystallization condition containing 0.20 M K-formate, 2.2 M (NH 4 ) 2 SO 4 over a period of more than two weeks. All the crystals were transferred quickly into cryoprotectant solution containing 3.0 M sodium malonate before flash-freezing in liquid nitrogen. For anomalous data collection, crystals of HT-UUCG constructs were soaked in the above crystallization condition with additional 100 mM Ir(NH 3 ) 6 3+ at 4 ℃ for 24 hours.
X-ray Data Collection and Structure Determination
Native x-Ray diffraction data of the hatchet ribozyme were collected at 100 K using the beamline BL-17U1, BL017B, BL18U1 and BL19U1 at the Shanghai Synchrotron Radiation Facility (SSRF)(2) and processed by HKL2000 (HKL Research). The Ir(NH 3 ) 6 3+ single-wavelength anomalous diffraction (SAD) data of HT-UUCG hatchet ribozyme were collected at NE-CAT_ID24C beamline at the Advanced Photon Source, Argonne National Laboratory, and processed with the XDS program (3). The space group was P6 3 22. The phase of the structure was solved with the SAD technique employing the anomalous signal from one iridium atom within each asymmetric unit (see the arrow in SI Appendix, Figure S12 Table S1 .
Modeling and Energy Minimization
Modeling of the pre-catalytic state of C(-1) hatchet structure was conducted first by the cleavage site comparison of the hatchet ribozyme product structure with hammerhead ribozyme (PDB code: 2OEU) in a similar way as was done for the HDV ribozyme (6) . Then the modeled C(-1) was manually rotated around the C5′-C4′ bond of U1 by 54 o to optimally fit into the predicted cleavage site pocket.
The following energy minimization had been performed in Schrodinger 2018v2 software (7) . The model was refined using OPLS_2005 force field. Hydrogen atoms were added to the model reflecting the physiological pH (7.4) using the PROPKA (8) tool in Protein Preparation tool in Maestro to obtain the optimized hydrogen bond network. Following that, the constrained energy minimizations were performed on the full-atomic models, with an atom allowed motion of 0.4 Å, excluding hydrogens which were free to move.
Cleavage assays
Aliquots from aqueous stock solutions of the two strands (S, R) were mixed and (A) Pairing of some conserved residues of L2 with the three residues between stems P1 and P2 to form a continuous stacking interaction from stem P1 to stem P2, with the resulting long helix termed H12.
(B) Loop L3 zippers-up and forms a short stem between stems P3 and P4. L2
forms an intermolecular pseudo-symmetric stem with L2′ from the adjacent molecule, thereby extended the stacking interaction of stem P3. The long helix termed H34 is formed by stem P4, L3, stem P3, and part of L2.
(C) The pseudo-symmetric/symmetric intermolecular pairing stem was formed by the palindromic residues from A67 to U70 in L2 from two molecules of hatchet ribozyme product in the crystal. (A) The tertiary fold of the molecule A′ of HT-GAAA structure is shown in gray with highly conserved residues shown in red.
(B) Two consecutive highly-conserved residues C20 and A21 between stems P1
and P2 form pairing and stacking interactions with three consecutive conserved residues U28-G29-G30 from L2. In addition, A74′ from the pseudo-symmetric molecule is intercalated between C20-G30 and U28-A21 base pairs, and forms a non-canonical base pair with G29. The resulting three consecutive stacked base pairs formed by highly conserved residues connect stem P1 and P2.
(C) A21-A22-A23 spans along stem P2 from one end to the other with highly conserved A22 interacting with the major groove of stem P2.
(D) Some conserved residues in L2 reside in the junctional region of helix H12
and H34. The step involving G30 and G31 adopts a splayed-apart conformation, in which G30 is involved in H12 stacking and G31 participates in H34 formation.
Three consecutive residues A73′, A74′ and A75′ are also involved in two parallel helix formation. A74′ is extruded from the RNA chain and participates in long helix H12 formation. stacks on U71′ and hydrogen bonds with the minor groove of G31-C64 base pair.
G66 projects outwards and does not participate in the intramolecular interaction.
We noticed that while A74′ participated in the stacking interaction of helix H12
and formed a non-canonical base pair interaction with G29. A73′ and A75′ are involved in the stacking interaction of helix H34. Notably, it was surprising to find that the sugar pucker of these residues, namely A63, A65, A66, A73′, A74′ and A75′ in the molecule A′ all adopted C2′-endo conformation.
(B) In the structure of molecule B′ of HT-GAAA construct, we found G63′, A65′
and G66′ did not form any pairing interactions with the neighboring residues, but only participated in helix-stacking interactions. Different from molecule A′, it was found that the conserved residue A73 not only forms a cis-Hoogsteen-WatsonCrick base pair with U71, but also forms two other hydrogen bonds with A67′.
A74 stacks on the A73-U71 base pair. We note that the Hoogsteen edge of A75 forms hydrogen bonds with the sugar edge of G29, which is involved in the long helix H12 staking interaction. The residue G63′ folds in two alternative conformation and partially adopts C2′-endo sugar pucker. The sugar pucker of other residues A65′, A66′, A73, A74 and A75 adopt a C3′-endo conformation. (A) Base stacking with U1 at the cleavage site and alignment of junctional structure shown in a rotated view from Figure 3A. (B) The base stacking interaction of the modeled cleavage site shown in a rotated view from Figure 3C . The base stacking interaction of the modeled cleavage site between C(-1) and U1, in which C(-1) was stacked partially between G32-U62 from stem P3 and two conserved residues G63 and A75′, whereas U1 was stacked between the conserved G30-C20 base pair and the termini of stem P1.
(C) 2Fo-Fc electron density map contoured at 1.0 σ level was shown for the cleavage site and the junctional structure from Figure 3A .
(D) 2Fo-Fc electron density map contoured at 1.0 σ level was shown for the cleavage site and the junctional structure in a rotated view from Figure S8C . 
